Nitrogen fixation with cell-free extracts of the aerobe, Azotobacter vinelandii, was recently reported.' Hydrogen gas, coupled via a hydrogenase and ferredoxin preparation from Clostridium pasteurianum, served as the electron donor, and low levels of ATP were supplied with an ATP-generating system. These experiments have established that 02 per se is not required for fixation by the nitrogenase system of this aerobe and that the nitrogenase activity of Azotobacter fractions is stable in air. After the presence of nitrogenase activity in Azotobacter preparations was demonstrated, alternate electron donor systems were examined in an attempt to obviate the requirement for the hydrogenase and ferredoxin preparation and thus reduce the complexity of the system (particularly in view of the known hydrogen inhibition of fixation by intact cells).
This report describes the use of sodium hydrosulfite as the electron donor for nitrogen fixation by cell-free preparations of Azotobacter and gives the optimal conditions for measuring fixation activity. Evidence is presented that ammonia is the principal product of N2 reduction. Manometric data demonstrating the presence of an ATP-dependent hydrogenase in the extracts are also presented.
Cell-free fixation by extracts of Rhodospirillum rubrum was observed by Schneider et al.2 using the method of Carnahan et al. to prepare extracts of dried cells. Because the source of electrons for N2 reduction was uncertain, and because difficulty was encountered in reproducing their results, the successful use of a compound known to function as an electron donor appeared to be a prerequisite for reproducible fixation reactions. A demonstration of the ability of hydrosulfite to serve as the electron donor for N2 reduction by extracts of freshly harvested R. rubrum cells is included in this report.
Materials and Methods.-Azotobacter vinelandii 0 was maintained in liquid culture as previously described.3 For enzyme isolation, 6-liter cultures were incubated for 16 hr at 30°in 10-liter solu-tion bottles equipped with three carborundum gas diffusers for high aeration. Methods for the preparation of cell extracts were the same as those previously reported.' Sedimentable fractions obtained by successive centrifugations at 35,000 g for 1/2 hr, and 144,000 g for 1/2, 1, or 6 hr were designated P35, P14-1/2, P144-1, and PI44-6, respectively. The corresponding supernatant fractions were designated S35, S144-1,2, S144l,, and S1446. All preparations were made and stored in air at 00.
Rhodospirillum rubrum (van Niel SI) was cultured for 48 hr in the light in the medium described by Gest et al.4 as modified by Schneider et al.,2 and was gassed slowly with N2 containing 5% CO2. Cells were suspended in H2-saturated buffer and were ruptured in a French pressure cell using the amounts previously described for Azotobacter. Cell-free extracts were obtained by centrifuging at 20,000 X g for 15 min.
Creatine phosphate (Nutritional Biochemicals Corp.), ATP, ADP, creatine phosphokinase (Sigma Chemical Co.), and Na2S204 solutions were usually prepared in water. Creatine phosphate solutions were adjusted to pH 7 with 0.1 N HCl and centrifuged to remove small amounts of insoluble material. Na2S204 solutions were prepared daily in Hrsaturated water containing a predetermined amount of NaOH to bring the pH to 7 and were handled anaerobically. ATP and ADP solutions were adjusted to pH 7 with KOH and stored frozen. Ferredoxin was prepared from extracts of C. pasteurianum by Mortenson's method.5 Benzyl and methyl viologen were obtained from the Mann Research Laboratories.
Fixation reactions were conducted anaerobically in Warburg flasks equipped with serum stoppers in the side arms. ATP was added to the side arm and other components except Na2S2O4 to the main chamber. Flasks were evacuated and filled 3 times with high-purity N2, incubated at 30°w ith shaking for 5 min, and again evacuated and filled with N2. Na2S204 was then injected into the side arm with a hypodermic syringe; the flasks were evacuated and filled with N2, and tipped. When N'5-labeled N2 was used, anaerobic conditions were obtained by substituting helium for N2 in the gassing procedure, and adding the N215 to the desired pressure after the last evacuation.
The gasses were then premixed with a Toeppler pump. R. rubrum extracts were injected through the side-arm serum stopper directly into the main chamber after establishing anaerobic conditions in the flask as described above. Incubation was at 30°with a shake rate of 120 oscillations per min. In general, control reactions contained all components except ATP and the generating system. Ammonia was separated by microdiffusion and determined colorimetrically with Nessler's reagent. The microdiffusion was conducted in 15-ml serum bottles fitted with rubber stoppers holding an etched glass rod (Scientific Industries, Inc., New York). One ml of saturated K2CO3 was added to a 1-ml aliquot of a reaction mixture, and the rubber stopper holding the etched rod, previously dipped in 1 N H2SO4, was quickly inserted. Distillation was allowed to proceed for 90 min with slow reciprocal shaking in a 300 incubator. The etched tip rod was then placed in a 10-ml beaker containing 4 ml of Nessler's reagent prepared as described by Johnson6 and diluted 1:1 with water. Three ml of 2 N NaOH were added, the mixture was stirred, and the etched glass rod removed. After standing 25 min at room temperature, absorbance was measured at 490 mu and ammonia values were obtained from a standard curve. This method is suitable for assays of NHa-N up to 70 .g. N215-incorporation was measured by subjecting samples to micro-Kjeldahl digestion and distillation, using the mercuric oxide catalyst recommended by Burris and Wilson.7 Ammonia nitrogen was converted to N2 by hypobromite oxidation8 and the N15 content determined with a mass spectrometer (model 21401, Consolidated Engineering Corp.).
Gas evolution was measured with Warburg respirometers.9 Flasks containing ATP in the side arm and other components except Na2S204 in the main chamber were flushed with high-purity N2 or argon for 5 min with shaking. Na2S204 solution was then added to the side arm while mainuaining the gas flow and the flasks were flushed for an additional 2 min. Gassing arms were closed, the flasks incubated 2 min, and tipped. The first reading was taken 1 min after tipping and the first measured increment corrected to zero time.
Protein was determined with the Biuret reagent of Gornall et al.10 with desoxycholate added to solubilize particulate material.
Results.Y3a-Electron donors for cell-free fixation with Azotobacter preparations: The use of Na2S204 as an electron donor was suggested by the hydrogenase assay of Peck and Gest."I The data in Table 1 demonstrate the ability of Na2S204 in the presence of ferredoxin or methyl viologen to supply electrons for N2 reduction.
Additional experiments using the amnmonia assay showed that methyl viologen reduced by catalytic hydrogenation (5 %O palladium on asbestos), zinc granules, or stoichiometric amounts of Na2S204 would not support measurable fixation. Na2S204, however, donated electrons to the nitrogenase system in the absence of both ferredoxin and methyl viologen; the latter was, in fact, inhibitory.
The N"5 assay and the S144-1 fraction from Azotobacter were used in experiments with several other electron donor systems, none of which yielded atom per cent excess values above 0.01. These donor systems included (1) acetaldehyde or hypoxanthine with and without xanthine oxidase and ferredoxin, (2) H2 with ferredoxin, methyl, or benzyl viologen but without added hydrogenase, and (3) an NADH generating system with and without benzyl viologen.
Requirements for fixation with Na2S204: The requirements for N2 reduction with the S144-1 Azotobacter preparation (undialyzed) are listed in Table 2 . These data demonstrate an absolute requirement for both an electron source and ATP. The preparations contained some ADP capable of phosphorylation with the creatine phosphokinase system. They also catalyzed some fixation with 10 ,moles of ATP in the absence of the generating system. Since Mg++ is required for the generation of ATP, its involvement in the utilization of ATP in the fixation reaction could not be examined with this system. Atmosphere N2.
Optimal conditions for fixation: Optimal conditions were determined using a 40-min reaction period. Figures 1 and 2 indicate optimal concentrations (reaction time: 40 min) of about 60 and 20 m.I\ for creatine phosphate and Na2S204, respectively. The 20 .cg of N fixed in the absence of creatine phosphate is the result of the addition of 10 ,ninoles of ATP. MgCl2 (2.5 mM'I) was added routinely with supernatant preparations, but the determination of optimal ATP:I\lg++ ratios awaits additional purification.
Both ATP and ADP at levels above 5 mM\ were inhibitory ( Table 3 ). The inhibition by ATP was linear with ATP concentration. The inhibition by ADP was not linear with concentration, and above 10 mM ADP was more inhibitory than an equal amount of ATP'.
Most of the reactions reported here were run in 25 mMi\ potassium cacodylate pH 7. Potassium phosphate is inhibitory at concentrations above 30 m.M. A re- Reaction mixture as given with Table 2 but using Reaction mixture as given with Table 2 but using the indicated amounts of ATP or ADP.
the indicated amounts of potassium cacodylate pH 7. action mixture capable of fixing 82.4 jg N in 30 mM phosphate fixed only 9.4 ,ug N in 100 mM phosphate. Even with cacodylate buffer, increasing the buffer concentration resulted in some inhibition (Table 4) . Tris acetate and Tris maleate buffers at pH 7 gave slightly less activity than cacodylate with about the same decrease in activity with increased concentration. The reaction appeared to occur maximally about pH 7. The unknown rates of participating reactions which release or take up a proton and the limited buffer concentrations permitted have prevented the establishment of an exact optimum until equipment has been acquired to follow the pH during the course of the reaction.
Ammonia as the reaction product: Previous work with intact cells indicated that ammonia was formed by nitrogen fixation reactions in Azotobacter.12 To check this conclusion with the cell-free system, a reaction was conducted under an atmosphere of N21' and aliquots examined for N2 fixation by both N'5 analysis and (Table 5) show that essentially all of the N21' incorporated could be accounted for as ammonia. These data also serve to establish the validity of the ammonia assay as a measure of N2 reduction by this system.
Time course of N2 reduction: Time course data (Fig. 3) revealed that the reaction was essentially, but not exactly, linear with time for ca. 30 min and completed in 1 hr. On this basis a 30-mmn reaction period was selected for routine assay reactions.
Effect of enzyme concentration: With the assay procedure described, ammonia formation is directly proportional to enzyme concentration between ca. 6 and 80 jg N fixed (Fig. 4) . It should be noted, however, that the straight line does not intersect the ordinate at the zero point. None of the possible explanations for this small discrepancy has been established unambiguously.
Distribution of activity in fractions obtained by differential centrifugation: Localization of fixation activity in the P144-6 fraction, previously shown to contain a large portion of the Mo99 taken up by the cells,13 was indicated by data obtained with H2 as the electron donor.1 With the assay system described here, it was possible to demonstrate that N2 reduction activity resided exclusively in this fraction when the previous centrifugation at 144,000 X g was reduced to 80 .
30 min (Table 6 ). When the resuspended P144-6 fraction 7 /°< was assayed, the MgCl2 concentration was increased to - 60 .5 mI. Reaction mixture as given with Table 2 for up to 48 hr, after which a gradual decrease in but using the indicated activity occurred. Dialysis against 0.01 M phosphate amounts Of S144-1 protein.
pH 7 for up to 8 hr caused very little loss of activity.
Gas evolution: Manometric observations using an N2 atmosphere and optimal conditions for fixation consistently gave evidence of gas evolution. When the same reaction was conducted in an atmosphere of argon, a fourfold increase in gas evolution was observed. The data in Figure 5 were obtained with the indicated atmospheres under otherwise identical conditions. Plotted values are the average of triplicate determinations. The gas evolved has been identified as hydrogen by mass spectrometric analysis. Since control reactions without ATP and the generating system did not evolve gas under either atmosphere, these observations demonstrate the presence of an A TP-dependent hydrogenase in these extracts. This activity has been examined in detail and will be the subject of a separate report.
Although obtained with essentially unpurified preparations, the relationship of the amounts of H2 evolved under N2 and argon are of in-200 terest. Under N2, the net H2 evolution averaged 2.13
Mmoles. In the same reactions, 4.7 Mmoles of ammonia was formed corresponding to 2.35 imoles of N2 150 taken up. The total H2 evolution under N2 was therefore 4.5 .tmoles. Under argon, 9.0 Mmoles of H2 was , 00 evolved. (Table 7 ). The assay used was the same as that giving optimal fixation with Azotobacter prepara-00 20 30 tions, and it should be noted that these conditions may FIG. 5.-Gas evolution not be optimal for the R. rubrurn system. Only extracts under argon and N2. Reacprepared anaerobically (H2) gave measurable amounts tion mixture as given with Table 2 . Flasks contained of ammonia. N2 reduction by R. rubrurn extracts 0.1 ml of 40% KOH and a was absolutely dependent upon an added electron donor folded filter paper strip in the center wells.
(Na2S204) and a source of ATP.
Discussion.-The ability of Na2S204 to serve as the electron donor for N2 reduction by cell-free preparations of Azotobacter significantly reduces the complexity of the system. The enzyme assay is facilitated by the ability to supply both the electron donor and the ATP source exogenously. Fixation rates with this system are better than those obtained with the mixed extract system and are comparable to those observed with C. pasteurianurn extracts.
The possibility that Na2S204 functions by supporting the formation of H2 which then supplies electrons for fixation via a hydrogenase is ruled out by the observations that (1) H2 in the presence of Azotobacter hydrogenase does not supply electrons for fixation, (2) no time lag precedes ammonia formation, and (3) fixation stops when the Na2S204 supply is exhausted even though H2 is present in the atmosphere.
In addition, the formation of H2 from N\Ta2S204 by Azotobacter preparations is strictly ATP-dependent.
The physiological source of electrons for N2 reduction in Azotobacter has yet to be identified. The inability of Azotobacter hydrogenase (i.e., the enzyme measured by ferricyanide or methylene blue reduction) to transfer electrons to the N2 reducing system is probably a consequence of the redox potentials involved. Other properties of this hydrogenase led Krasna and Rittenberg'5 to suggest that it has a more positive Eo' than that of a number of other hydrogenases examined. This suggests the requirement for a low-potential donor for the N2-reducing system and that the Eo' of the Azotobacter hydrogenase is too positive to permit it to act as the The formation of ammonia as the product of N2 reduction in Azotobacter has been demonstrated with the cell-free system.. The slight amount of N215 fixed which is not recovered as ammonia could represent a small amount of reductive amination or some enzyme-bound intermediate. The latter possibility will be examined further.
The deviation from linearity of the time course of the reaction probably results in part from the simultaneous evolution of H2 with a continuous loss of reducing electrons. Pertinent to this suggestion is the fact that the solubility of N2 in water limits the concentration of this substrate to ca. 0.6 mni\I.
The sedimentation of the nitrogenase system by prolonged centrifugation has been useful in separating it from over one half of the extract protein and in associating the fixation activity with the distribution of Mo99. Reference to the P144-6 fraction as particulate must at present be considered an operational description and is not intended to infer the presence of a specialized N2-fixing particle in intact cells. It may, in fact, be a complex formed during cell rupture. This fraction is different from the "Azotobacter particles" used for electron paramagnetic resonance studies by Nicholas et al. 16 Available information suggests that the ATP-dependent hydrogenase and nitrogenase activities might originate in the same enzyme complex. The absolute requirement for ATP by both activities and the inhibition of H2 evolution in the presence of N2 support this suggestion. Subject to the obvious limitations imposed by the use of relatively unpurified preparations, the relationship of the amount of H2 evolution under argon versus N2 and the amount of ammonia formed may be indicative of the utilization of electrons made available by ATP activation. If the H2 evolved under argon (9 ,umioles) is considered to represent 18 Aequivalents of activated electrons, the distribution under N2 would be 9 luequivalents for H2 production (4.5 Mmoles) and 9 liequivalents for N2 reduction. Since six electrons are required to reduce N2 to ammonia, the reduction of the observed 2.35 Mmoles of N2 would require 14.1 Aequivalents. The fact that only 9 tuequivalents of ATPactivated electrons are available suggests that at most four of the six electrons required for N2 reduction are of the ATP-activated type. Most of the suggestions made here can be examined critically only with purified material, the preparation of which is now being attempted.
The ability of Na2S204 to supply electrons to the nitrogenase system of freshly prepared R. rubrum extracts will permit a more extensive examination of this system, hopefully leading to an understanding of the relationship between the photochemically dependent reactions and nitrogen fixation. The presence of an ATP-dependent hydrogenase in this organism, especially if shown to be associated with the nitrogenase activity, would facilitate an understanding of the relationship between nitrogen source and H2 evolution observed in intact cells by Gest et al. 17, 18 An examination of this activity is in progress.
Summary.-The use of hydrosulfite as the electron donor for N2 reduction by cell-free preparations of Azotobacter vinelandii was demonstrated and optimal conditions for the reaction were determined. Ammonia was shown to be the principal product of N2 reduction by the cell-free system. The presence of an ATP-dependent hydrogenase in the preparations and its inhibition by N2 was established. The role of aminoacyl-sRNA synthetases in protein synthesis has been rather well established by work with cell-free amino acid incorporation systems.' Recent studies with conditional mutants have provided additional evidence for the role of these enzymes in the cellular synthesis of proteins.2 3 It has not been known, however, whether these enzymes play a part in the regulatory system by which amino acids repress the formation of their own biosynthetic enzymes.
Some evidence speaks for an activation of amino acids before they can serve as repressors in Escherichia coli. Schlesinger and Magasanik,4 for example, have
shown that a-methylhistidine, which blocks the activation, but not the biosynthesis of histidine, causes a derepression of the histidine pathway. This finding implicates histidyl-sRNA synthetase, or an enzyme with similar properties, in the conversion of histidine to repressor. Also, Coles and Rogers5 have reported that the lack of repressibility of the arginine pathway in R-strains of E. coli is accompanied by a reduction in the over-all arginyl-sRNA synthetase activity. Fangman and
